Abstract-Dielectric Barrier Discharge (DBD) is a discharge phenomenon where a high voltage is applied on at least two electrodes separated by an insulating dielectric material. Dielectric Barrier Discharge plasma actuator has been studied widely in this last decade but mostly the study is focusing on experimental research rather than mathematical modeling. The limitation with studying DBD plasma actuator experimentally is that it does not obtain direct information on the physics of the plasma flow, which is important in determining its efficiency. In this paper, we model the steady fluid model DBD plasma actuator mathematically. The preliminary result of the model are presented and discussed. To initiate the modeling process, the stream-function and vorticity are defined so that the Navier-Stokes momentum equation could be transformed into vorticity equation. The resulting two governing equations, which are vorticity and stream-function equations are solved numerically to obtain the vorticity of the flow in x and y directions. Finite difference method was adopted to discretize both equations and the system of equations is solved by the Gauss-Seidel method. Our numerical solutions show that the applied voltage plays an important role in the model. We found that as the applied voltage increases, the vorticity of the plasma flow also increases.
INTRODUCTION
Dielectric Barrier Discharges (DBD) is a discharge phenomenon where a high voltage is applied on at least two electrodes and the electrodes are insulated by at least one dielectric material. This situation will produce plasma discharges. This study is focusing on the plasma discharges that are produced by applying high voltage on the electrodes. This study is called Electrohydrodynamics or EHD. From the word itself, Electrohydrodynamics is a study of the dynamics of electrical charged fluid. From this definition, it is known that there are two things that need to be considered which are the electrical field and the fluid flow.
DBD plasma actuator has been studied widely in this last decade but mostly the study is focusing on experimental research (for example, [1] - [5] ) rather than mathematical modeling. The limitation with studying DBD plasma actuator experimentally is it does not obtain direct information on the physics of the plasma flow, which is important in order to increase the efficiency of the plasma actuator itself [6] .
In order to model DBD mathematically, there are two models that need to be formulated and decoupled it so that we can simulate the DBD's phenomena; electrostatics model [7] and fluid dynamics model. In this paper, we will present formulation of the fluid flow aspects of the DBD plasma actuator mathematically and the preliminary result of the model will be presented and discussed.
II. MATHEMATICAL MODELING
As mentioned earlier, two models need to be developed in order to represent the whole DBD plasma actuator system, which are electrostatics model and fluid dynamics model. Electrostatics model is needed to obtain the body force that is required in the fluid dynamics model (see [8] - [10] ). The electrostatics model has already been derived in our earlier work [7] . Therefore, this paper will mainly deal with the formulation of the fluid dynamics model.
Consider a Navier-Stokes momentum equation that describes the fluid movement substance, as follows:
where = v flow velocity , ρ = fluid density , p = pressure ,
Since the aim of the modeling process is to obtain the vorticity of the fluid model then to do this the Navier-Stokes momentum equation is transformed into vorticity equation.
We started-off by introducing the stream function, ψ, as:
where the velocity of fluid is expressed by the components u in the x direction and v in the y direction. Thus, the relationship between the vorticity, w , and the stream function,
To initiate the transformation, the curl of both sides of equation (1) is written as:
On expanding equation (4) and simplifying it, we obtain 
where Re is the Reynold's number, and 
Now, rewriting equation (3) 
so that we have the governing equation for the streamfunction.
Thus, the system of equations (6) and (7) forms the plasma flow model for the DBD.
III. BOUNDARY CONDITIONS
This system of equations (equations (6) and (7)) has two unknown variables which are the vorticity, w and stream function, ψ , and together with the boundary conditions and initial value for the body force vector (as mentioned in [7] ) are then solved numerically. The initial values and the boundary conditions for the vorticity, stream-function and velocity flow, are kept zero at the outer boundary, on the dielectric material, and on the electrodes. The body force obtained from [2] is only applied on the dotted line portion as shown in Figure 1 , whereas at other parts, we assume no body force acting on the system.
IV. NUMERICAL FORMULATION
We adopt the finite centered difference method to discretize both equations (6) and (7) . Equation (7) is best suit second-order centered difference method, as follows: 
For equation (6) , the convective terms are discretized by using first-order backward difference method whereas the diffusive terms are discretized by using first-order centered difference method, as shown below. , 1 , 
Equations (8) 
V. NUMERICAL PROCEDURE
To solve the system of equations (10) - (11), we have chosen the Gauss-Seidel iteration method because it is easier to implement. Equation (11) is the first equation to be solved for the vorticity. Then, we solve equation (10) to obtain the stream-function. With these new vorticity and streamfunction values, we calculate the velocity profiles in both directions using the definition of stream-function in equation (2) . These values will be iterated for few times until the desired accuracy are obtained.
VI. NUMERICAL RESULTS
We compare the vorticity of the DBD with different values of applied voltages and the thickness of the electrodes. Figure 2 shows the contour image of vorticity when 3 kV was applied to upper electrode with thickness of 0.1 inches. Based from inspection of Figure 2 , it is revealed that higher vorticity appear near the right edge of the upper electrode and above the dielectric material with grounded electrode. By substituting these vorticity values into equations (7) and (2), we obtain the velocity profile of DBD, as shown in Figure 3 . As the fluid flow approaches the regions with higher vorticity, we observe a higher flow velocity. We also notice that in the area where vorticity effect is high, the directions of the flow repel away from the region as anticipated in vortex motion. It is interesting to notice also that this particular region is where the body force is nonzero in comparison with the other parts of the system. The effect of increasing the applied voltage can be seen by comparing Figure 2 with that of Figure 4 . We observe that the maximum vorticity for the case of Figure 4 is 0.9 compared to just 0.3 in Figure 2 . Now keeping the applied voltage fix to 5kV but increasing the thickness of the upper electrode from 0.1 to 0.2 inches as shown in Figure 5 , we observe that the maximum vorticity now goes to 1.1. This shows that the thickness of the upper electrode also affects the strength of the vorticity. 
VII. CONCLUSION
It is assumed that the model is constructed once the flow has reached a steady state. Although assuming the flow of the plasma actuator as steady is unrealistic to the real problem, it does have its own advantages. Mainly, the formulation of the steady model and the computation of the numerical program are quite straight forward since the time dimension is not considered altogether. We found that when the flow has reached its steady state, the vorticity of the flow depends greatly on the applied voltage and also the configuration of the DBD, in particular the thickness of the electrode in plasma actuator. The higher the applied voltage and the thickness of the electrode are, the higher the vorticity is. And hence the higher velocity of the flow of the plasma actuator is.
